Climate change will impact fluvial ecosystems through changes in the flow regime. Physical habitat is an established measure of a river's ecological status when assessing changes to flow. Yet, it requires extensive datasets, is site specific, and does not account for dynamic processes; shortcomings that the use of hydrological and hydraulic models may alleviate. Here, simulated flows along a 600 m reach of the River Lambourn, Boxford, UK, were extracted from the 1D MIKE These were integrated with habitat suitability criteria for brown trout (Salmo trutta) to generate a measure of available physical habitat. The influence of macrophyte growth caused the habitat-discharge relationship to be unusable in evaluating the sensitivity of brown trout to flow changes. Instead, projected time series were used to show an overall reduction in habitat availability, more for adult than juvenile trout. Results highlighted the impact of weed cutting, and its potential role in mitigating both flood risk and the ecological impacts of climate change. The use of a hydraulic model to assess physical habitat availability has worldwide applicability.
. Hydraulic changes due to climate change may be linked to the depth and velocity requirements for different species and provide a measure of available physical habitat as a function of flow.
The physical habitat simulation (PHABSIM) system was the first modelling framework to quantify physical habitat for a specific discharge as a combined function of depth, velocity, and substrate or cover (Bovee, 1978; Bovee, 1982; Bovee, Lamb, Bartholow, Stalnaker, & Taylor, 1998) . The method is well suited to scenario analysis; the slope of the physical habitat-discharge relationship that is a key output of PHABSIM defines habitat sensitivity to change in flow. The steeper the curve the greater the sensitivity to flow. This approach is a legal requirement for many impact studies in the USA (Reiser, Wesche, & Estes, 1989) and has been standard use by the Environment Agency of England and Wales for determining sensitivity of rivers to abstraction, a requirement for catchment abstraction management strategies (Dunbar et al., 2002) , and assessing ecological status for the European Water Framework Directive (Acreman et al., 2006) . Despite criticisms of an insufficient link between habitat and biomass (Mathur, Bason, Purdy, & Silver, 1985; Orth & Maughan, 1986) , models built on a similar concept have also been applied worldwide ), including RHYbasiM in New Zealand (Jowett, 1989) , RSS in Norway (Killingtviet & Harby, 1994) , EVHA in France (Ginot, 1995) , HABIOSIM in Canada (Dunbar et al., 1997b) , and CASiMIR in Germany (Eisner, Young, Schneider, & Kopecki, 2005; Jorde, 1996) . However, in application, physical habitat modelling is site specific and resource intensive (Tharme, 2003) . It requires extensive collection of field data at several different flows (Bovee, 1982) to obtain a physical habitat-discharge relationship. Approaches based on defining habitat-discharge relationships from fewer and/or simpler measurements of catchment, hydraulic or morphological characteristics (Booker & Acreman, 2007; Klaar et al., 2014; Lamouroux & Capra, 2002; Lamouroux & Jowett, 2005; Souchon & Capra, 2004) , have had limited success and remain suited for broadscale screening exercises only. Additionally, alterations to the river that affect the parameters of depth and velocity are not accounted for.
These may include instream macrophyte growth, groundwater exchange, or morphological adjustment that are key features of many dynamic systems. Indeed, the influence of macrophytes on physical habitat was a key research priority of the UK PHABSIM user forum 20 years ago (Elliot & Dunbar, 1996) , yet never actioned.
Hydrological impacts of climate change are commonly evaluated by using climatic projections, derived from forcing general circulation models with alternative emissions scenarios, to drive hydrological models. Examples of this approach cover hydrological systems at various scales from global assessments (Arnell, 2003; Arnell & Gosling, 2013; Gosling, Bretherton, Haines, & Arnell, 2010; Nohara, Kitoh, Hosaka, & Oki, 2006) , through regional (Arnell, 1999) and national scales (Andréasson, Bergström, Carlsson, Graham, & Lindström, 2004) , major river basins (Conway, 1996; Nijssen, O'Donnell, Hamlet, & Lettenmaier, 2001 ; Thompson, Green, Kingston, & Gosling, 2013) , medium and small catchments (Chun, Wheater, & Onof, 2009; Thompson, 2012) , down to individual sites within catchments (Thompson, Gavin, Refsgaard, Sorenson, & Gowing, 2009) . The hydraulic components so often a feature of such models have the potential to be applied to assess the impacts on physical habitat assessment using standard outputs of flow, depth, and velocity. These can enable the calculation of velocity and depth profiles at each time step, and thus represent the flow characteristic throughout an extended simulated period, rather than the few isolated measurements afforded by field surveys. A physical habitatdischarge relationship may thus be produced that is more representative of the range of flows and can incorporate dynamic processes modelled within a river, such as macrophyte growth. This use of hydraulic models in assessing physical habitat availability demands fewer resources, especially within the field, and may be readily applied to rivers through a range of scales and conditions. The idea of using existing hydraulic models for physical habitat assessment has existed for 20 years (Dunbar, 1997a ), yet, to our knowledge, never been operationalised. There is a worldwide need to develop approaches for evaluating the impacts of environmental alterations, such as climate change, on fluvial ecosystems.
The aim of this study is to assess the effects of climate change on physical habitat for brown trout (Salmo trutta) in a reach of a lowland chalk river. The objectives are to (a) project changes in the inputs to a distributed hydrological or hydraulic model of the river under scenarios of different climate sensitivities to incorporate the uncertainty associated with climate change, (b) use the hydraulic model component to assess how climate change scenarios affect the hydraulic characteristics of the river, and (c) compare simulated hydraulic characteristics under each climate change scenario to the physical habitat requirements of brown trout. In this way, the study provides an assessment of potential ecohydrological impacts of climate change on the river and the subsequent management implications of these impacts. , respectively (Marsh & Hannaford, 2008) .
The River Lambourn and its associated riparian wetland owe their designation as a site of special scientific interest and special area of conservation to the presence of brook lamprey (Lampetra planeri), bullhead (Cottus gobio) and Desmoulin's whorl snail (Vertigo moulinsiana).
The river also holds a designation under the EU habitat directive for water courses of plain to montane levels with Ranunculion fluitantis and Callitricho-Batrachion vegetation.
In addition to brook lamprey and bullhead, there are four species of fish present at the site: brown trout (S. trutta), grayling (Thymallus thymallus), 10-spinned stickleback (Pungitius pungitius), and 3-spinned stickleback (Gasterosteus acluleatus). The macrophyte community is water levels, and maintain viable fisheries (Old et al., 2014) .
Comprehensive hydrological monitoring at the CEH observatory includes observations of wetland groundwater levels from an array of piezometers, described in House, Thompson, Sorensen, Roberts, and Acreman (2015b the Nash-Sutcliffe coefficient (R2, Nash & Sutcliffe, 1970) , and the root mean square error of the deviation between observed and simulated groundwater and channel water levels. Performance was classed as "very good" or "excellent" in most cases ( Figure S1 and Table S1 ).
| Simulation of climate change
This current study employs the same climate change scenarios as House, Thompson, and Acreman (2016) . Climate change scenarios were derived for the 2080s using datasets from the Future Flows and Groundwater Levels project (Jackson, Meister, & Prudhomme, 2011; Prudhomme et al., 2012) . These include 11-member ensembles Model inputs of precipitation, PET, groundwater elevation, and river discharge were perturbed for each climate change scenario using a delta factor approach (Thompson, 2012; Wilby & Harris, 2006) . 
| Physical habitat modelling
To assess physical habitat, we converted depth and velocity characteristics of the River Lambourn to habitat availability metrics using habitat suitability indices (HSI) following the PHABSIM methodology (Bovee, 1982; Waddle, 2001) . HSI for juvenile (0-7 cm) and adult ( Comparison of values of WUA for juvenile trout from the field survey (Table 3) 
| Climate change impacts on hydraulic characteristics
As reported in House et al. (2016) , monthly delta factors for the sce- 
| Climate change impacts on physical habitat availability
The impacts of the climate change scenarios on physical habitat availability are greater for adult rather than juvenile trout, especially during Impacts are highlighted by the scenario mean decrease averaged over the simulation period (Table 4 ). At no point over the full simulation period does the scenario mean shows an increase in habitat availability for either life stage (Figure 7) . The largest mean decreases occur 
| DISCUSSION
Output time series from a MIKE 11 1D hydraulic model of the River
Lambourn have allowed the effects of macrophyte growth and its management to be incorporated into an assessment of climate change impacts on physical habitat availability. The effects of management (weed cutting) are just as noticeable as those of climate change, with overall reductions in habitat availability and consequent implications for the aquatic ecology. Although this has been demonstrated for only a single species, brown trout, the method may be applied to other species for which HSIs are available, including other salmonids ) and macroinvertebrates (Gore et al., 1998) . Rather than using a single rating curve, the area of available physical habitat has been calculated at each time step over the full simulation period for baseline conditions along with each climate change scenario and the scenario mean. This challenges the assumption, contained within physical habitat modelling approaches such as PHABSIM, that relationships between discharge and hydraulic characteristics are time invariant. The more flexible approach presented here is more in line with common hydrological and hydraulic assessments of climate change (e.g., Chun et al., 2009; Thompson, 2012; Thompson et al., 2009) , and opens the way for similar use of models that are able to represent dynamic systems.
The availability of habitat for adult brown trout is found to be more susceptible to low flows than that for juvenile trout. Although Simulated baseline, projected scenarios, and mean physical habitat availability for adult (8-20 cm) and juvenile (0-7 cm) brown trout (Salmo trutta) in the river Lambourn deep water for shelter, whilst fry may flourish in shallow riffle habitats (Armstrong & Nislow, 2012; Nislow, Einum, & Folt, 2004) . Here, stage appears to be the dominant factor in controlling the baseline amount of available habitat, expressed in the similarity of the stage-discharge relationship to the physical habitat-discharge relationship (Figure 4 ).
Relatively, low velocities are indicative of the position of the reach in a lowland catchment with a relatively slow runoff response and large baseflow component (Marsh & Hannaford, 2008) . With weed cuts occur coincident sharp and relatively large reductions in stage and, thus, habitat availability. These introduce a degree of stress that may impact adult brown trout more than juvenile life stages.
Periods of low flow are also associated with an amplified response of available physical habitat to climate change in most scenarios.
Whereas, at high flows, differences in habitat availability between the two life stages become less apparent. Results further indicate that climate induced changes in habitat availability for brown trout will be depth limited by the hydraulic geometry. Decreases in water depth at low flows may reduce the accessibility to preferred habitat for feeding and increase fish density, particularly if unable to redistribute (Armstrong & Griffiths, 2001) . At higher densities, there is a greater risk of hypoxia and predation, which may include cannibalism (Smith & Reay, 1991) . Temperature increases through low flow periods occurring through the summer months, June to August, could exaggerate the negative impacts of low flows. During drought conditions, increased temperature in pools has been linked to increased mortality for salmonids (Elliott, 2000) , and will exacerbate hypoxia (Milner et al., 2003) . During winter, low flows may increase the risk of freezing and mortality rates (Huusko et al., 2007) . However, as a chalk stream fed predominantly by groundwater, the River Lambourn is thermally stable all year round (House et al., 2015a) . , water level control, and viable fisheries (Old et al., 2014) . Submerged plants within watercourses, aside from their hydraulic significance, are generally seen as beneficial for fish because of the provision of habitat for invertebrate prey, shelter and protection, and oxygen production (Bursche, 1971; Garner, Bass, & Collett, 1996) . Fish distribution in uncut and partially cut channels has been shown to be strongly associated with weed cover (Swales, 1982) , whilst macrophyte growth has been advocated for maintenance of habitat (Hearne & Armitage, 1993) . Without weed cuts, it is debatable whether flow responses to climate change would have had as large effects on habitat availability.
In the River Lambourn, weed cuts are primarily for flood risk reduction (Old et al., 2014) , as the reduced flow resistance and volume decrease from vegetation removal increases the conveyance capacity of the river and reduces stage. This has important social and economic implications for the surrounding community, which previous events (e.g., Morris & Brewin, 2014; Pitt, 2008) Garner et al., 1996) , and regulating the timing of cuts in relation to plant growth (Westlake & Dawson, 1982) to limit impacts on macrophyte diversity and fish habitat. The MIKE SHE and MIKE 11 and physical habitat modelling system employed in this study could be used to The effect of weed growth on the vertical velocity profile is not accounted for, as it would require resource intensive 3D hydraulic modelling, which is beyond the scope of this study. The use of outputs from hydraulic models in assessing impacts of environmental change on physical habitat availability is cost-effective, efficient, and has international applicability. 
